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In this paper we present creative practice-led research into building large, scalable ”multi-
plicitous media” artworks in which many networked devices control lights and speakers and
are coordinated over WiFi to create holistic artistic and environmental experiences. We dis-
cuss competing constraints, in particular the creative constraints associated with the challenge
of coding complex multi-device behaviours, maximising creative freedom and simplifying
complex engineering and design decisions. Based on recent experience building multi-device
digital installation works we propose an approach, the ”broadcast first recipe” that aims to
simplify the space of creative possibilities, with a trade off between expressive power and cre-
ative efficiency that we argue is worth adopting. We examine this approach in light of hard
technical constraints such as CPU and WiFi bandwidth budgets which we discuss in a con-
crete example. We consider how the effectiveness of the proposed approach could be further
leveraged in the provision of support tools.

0 INTRODUCTION

We use the term “media multiplicities” to refer to net-
worked systems of lights, speakers, screens and other ac-
tuators or sensors that work together to create rich, immer-
sive media experiences [1]. With the evolution of physical
computing technology, we are increasingly seeing build-
ings and public spaces adorned with complex, custom, site-
specific media installations. This emerging domain of cre-
ative production poses not only technical challenges but
challenges related to the ease of creative production, and
related issues of user experience design for creative pro-
ducers, leading to a complex interplay of constraints. The
evolution of technologies related to the “internet of things”
(IoT) is particularly transformative [2], with the emergence
of very low cost, computationally powerful networked de-
vices that opens up the creation of custom multiplicitous
media installations to a wider base of creators in a wider
set of contexts.

This paper reports on our creative practice-based and de-
sign research into building IoT powered sound and light
media multiplicities. Specifically, it looks at the question of
successful software architectures for the practical achieve-
ment of specific creative goals, given a complex of con-
straints: device processor power; overall network band-
width, latency and stability; device-specific bandwidth, la-

Fig. 1. The Mind At Work installation at the Casula Powerhouse
Arts Centre, Sydney, 2020-2021. The system consists of 200
lights and 100 speakers controlled by 50 Raspberry Pi comput-
ers. Video link.

tency and stability; processor power of the controller com-
puter; and, most important to us, the convenience and ef-
fectiveness of creative workflows for coding, composing
and otherwise creating media content. We report on a real
case study building a specific multiplicitous media artwork,
and combine our own practice-based observations and de-
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sign thinking with specific processor and network perfor-
mance experiences that support our evaluation.

The outcome of this paper takes the form of a recom-
mended general purpose architecture and creative prac-
tice approach, the broadcast first recipe, which we argue
maximises creative freedom and simplicity, whilst satisfy-
ing other constraints reasonably. We make a case for this
architecture and approach drawing on evidence from our
practice-based observations.

0.1 Related Work
Systems of multiple media devices have been inves-

tigated by various researchers [3, 4, 5, 6, 7, 8]. Media
multiplicities has been defined by Bown and Ferguson by
describing the characteristics shown in various systems
and artworks [1]. Other authors have built a variety sys-
tems composed of individual computational devices with
sensing, actuation and computation [9, 10]. For exam-
ple Coelho et al. developed [11] a system whereby each
light-emitting device was independent of the other devices,
but communicated colour instructions between the devices
through the body of the participants interacting with the
system. Media architecture [12, 13] is another area of
related research, where usually light-based elements are
brought together to become a contiguous substrate in an ar-
chitectural envelope. Squidsoup’s work [14] has explored
the creation of spaces through the individual control of
grid-like systems of lights for many years. Their contin-
ued systems development has moved from LED voxel grids
controlled by a single central computer [15], to groups of
many WiFi-networked independent computing devices that
were controlled over a wireless network [16, 17].

Programming media multiplicities is complex given the
range of architectural options available to a media de-
signer presented with a system of this nature. At the more
forward-looking extreme, Vallgarda et al. [18] discusses
Material Programming, whereby computation, sensing,
and output, are all embedded within the physical fabric of
a material. More practically, Bown et al. [19] investigated
the use of a multiplicitous media system in the context of
novice programmers and media artists, while Fraietta et al.
[20] aim to describe approaches to sharing data between
devices which improve on existing networking approaches,
and methods for programmatically composing for systems
built from programmable devices [21].

Recent work on the Internet of Musical Things has
helped to conceptualise detailed understandings of how
multiplicitous media frameworks intersect with music and
audio systems. Turchet et al. [22] describe an operating
system for dealing with low latency sensor and audio pro-
cessing in embedded environments for the Internet of Mu-
sical Things, alongside associated ontologies to help repre-
sent knowledge in this domain [23]. Similarly, Mcpherson
and Zappi [24] have developed a hardware and software
framework for processing sensor data on a Beaglebone
Black embedded computing system. Meneses et al. [25]
have compared various embedded systems environments
for augment musical instruments, and Matuszewski et al.

has considered the effects of different interaction topolo-
gies [26].

1 PHYSICAL ARCHITECTURE

Although the research topic of this paper could warrant
lengthy discussion about possible alternative architectures
for implementing media multiplicities, we will keep such
discussion to a minimum in the interests of brevity. We fo-
cus the advantages and motivations for choosing the spe-
cific architecture that was developed for the case study
work, “The Mind At Work” (Figure 1), first presented at
the Casula Powerhouse Arts Centre, Sydney, Australia, in
November 2020. This work was developed by the Inter-
active Media Lab at UNSW Sydney, in collaboration with
Bitscope Designs, the Creativity & Cognition Studios at
University of Technology Sydney, and with consultation
from Squidsoup and ArtworksRActive in the UK.

Our system uses the Raspberry Pi computer, specifically
the very low cost, small form-factor Raspberry Pi Zero W.
Since its arrival, we have been attracted to working with the
Pi and related low-cost, full-OS, general purpose comput-
ers. We consider these to be preferable in certain ways to
microcontroller systems such as Arduino, primarily due to
their flexibility, ease of programming and the out-of-the-
box capabilities provided by the default Linux operating
system (on the flipside, microcontrollers can be cheaper,
have lower power usage and faster startup times and can
have greater realtime predictability). A single Raspberry Pi
is capable of delivering multi-channel audio, although lim-
ited by its relatively low CPU performance, and can con-
trol multiple LEDs and other actuators via GPIO connec-
tions. Control of sound and light can be delivered via any
programming framework that is supported by Linux and
has the required IO libraries. Another advantage we see of
working with general purpose computers instead of micro-
processors is the ubiquity and expected longevity of the
Linux OS. We expect our programs to work on new prod-
ucts from Raspberry Pi and other manufacturers for years
to come with only minor configuration tweaks. These same
programs also run without modification on Mac and Win-
dows computers as well.

Over several years we have developed the HappyBrack-
ets Java programming framework (henceforth HB) [21,
19], consisting of a realtime audio library, networking
tools, IO tools and, most importantly, a means to deploy
and run code “sketches” on the fly to multiple devices over
a network. Supporting this, we have developed a custom
HB plugin for IntelliJ, a leading professional integrated de-
velopment environment (IDE) for Java, along with a cus-
tom disk image consisting of the default Raspbian Linux
OS, augmented with our own scripts and a Java runtime
that pre-configures a Raspberry Pi to run HB. Such devices
boot up, join a pre-specified network and identify them-
selves to the IntelliJ plugin, ready to receive commands.

Additionally, Bitscope Designs have worked with us to
develop a custom HAT, the Biotica board, for the Rasp-
berry Pi providing a stereo 3W amplified audio output, and
four data connections for driving LEDs. Communication
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with the HAT takes place over an audio driver for sound
and a serial interface for controlling the LEDs. Bitscope’s
design shifts some of the processing work to the HAT, with
a concept of programmable virtual circuits. It also allows
for a modular architecture in which a Biotica master can
control multiple separately powered Biotica nodes over a
serial connection (to date, we have not used this feature).

Although previous successful work by Squidsoup in this
domain has focused on an integrated media pixel type unit
(one microcontroller, one compound LED and one speaker,
all in the same housing) [16, 17], we have made units con-
sisting of one Raspberry Pi Zero with Biotica HAT con-
trolling two physically separate speakers and four separate
LEDs. The integrated solution is conceptually simpler and
can be cost effective with cheaper microprocessors, but a
cost and power effective Raspberry Pi-based design neces-
sitates a higher ratio of actuators to control units. There
is also the question, both aesthetically and practically, of
whether it is better to co-locate speakers and lights into
single objects. Single light-speaker units are conceptually
more ‘readable’ by audiences, while hybrids of speakers
and LEDs may be considered more messy and discon-
nected. A non-integrated design also adds some program-
ming complexity, as we will discuss. However, integrating
these elements places additional constraints on speaker and
LED housing design that may disadvantage other criteria
such as sound quality. In our current work we have kept
LEDs and speakers as separate devices, partly because we
are working with a 2:1 ratio between LEDs and speakers
which necessitates at least a standalone LED option. We
expect that a 4:1 ratio would work just as well and be even
more cost and power efficient. Separating the actuators
from the processors also results in more complex wiring,
with potentially long cables running to LEDs and speakers
that can introduce failures. This was a concern during de-
velopment but turned out to be unproblematic with cable
lengths tested up to 10m.

In summary, we have a system in which an array of
Raspberry Pis can be controlled over a network with each
device, in turn, controlling a specific subarray of LEDs
and speakers. We claim that this is an effective design for
many distributed sound installation contexts because: (a)
working with single board computers instead of micro-
processors enables (primarily) greater coding flexibility,
and often higher bandwidth WiFi and greater processing
power; (b) due to cost, the ratio of processors to media
outputs (lights and speakers) must be greater than 1:1, and
therefore should be physically distributed (this is also ben-
eficial to reduce network demands, and may well apply in
the case of micro-processors too); (c) although more com-
plicated in terms of physical installation, this one-to-many
configuration increases flexibility of form, with the possi-
bility to connect different light and speaker units to a core
reusable unit.

We further assume that there is also one central device
included in such an architecture, a controlling computer,
typically something more powerful than a Raspberry Pi (a
Mac Mini in our case), that runs a program to send control
messages to the other devices.

2 SOFTWARE ARCHITECTURES

Although hardware and software design choices are in-
terdependent, we have found that the above hardware ar-
chitecture choices has been relatively uninfluenced by soft-
ware design issues, arising largely from basic cost and
physical design considerations given the decision to work
with single board computers rather than microprocessors.

We now consider the possible software architectures
(Figure 2), given this hardware arrangement. The promi-
nent question in terms of a software architecture is how
to distribute the various computational processes given the
choice of the various control units and the controller com-
puter. In response to this essential question we propose that
software architectures can be loosely arranged along a con-
tinuum based on how active or passive the devices are (and
conversely how much bandwidth is used to communicate
with them) (see Figure 3):

1. (Active device extreme). Zero communication be-
tween devices. Each device runs its own separate
program and most or all of the computation is per-
formed on devices. The controller computer is re-
dundant.

2. Devices run various models relating to the global
behaviour of the system, controlled occasionally by
global state variables (e.g., every 2 minutes).

3. Devices act as “synthesisers” controlled by frequent
low-level control data (e.g., every 50ms).

4. (Passive device extreme). Devices are simple near-
stateless receivers for streaming waveforms and
RGB values.

The hardware architecture outlined above is cost and
power efficient but introduces complexity in terms of the
programming of devices (as well as in terms of the physical
build). As creative practitioners our goal is to create spatial
sculptures of light and sound and program those structures
as if they are unified entities, just as one may make images
appear on a screen without thinking about how to program
individual pixels.

At one extreme (we will refer to as the “passive device
extreme”), each device is a node, like a pixel, that receives
regular state updates that it directly and instantaneously
renders. There is minimal processing demand on the de-
vice but a high bandwidth demand on the network, as a
vast number of individual messages need to be sent from a
controller machine to each individual device. With sound,
in the extreme, this means streaming audio at thousands of
samples per second to each individual device, which has
a massive bandwidth requirement. For LEDs, this may re-
quire tens of RGB values per second and is more feasi-
ble. The passive device extreme has the greatest and most
poorly scalable bandwidth usage and becomes less viable
in circumstances with many devices.

At the other extreme (the “active device extreme”), the
bulk of computation and scheduling is done on devices
with only the most minimal messaging over the network
to keep devices synchronised. The network demands be-
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Fig. 3. A trade off between control bandwidth overheads and
work done on devices.

come negligible, but such a system is relatively limited in
function: the potential to manage coordinated system be-
haviours, especially in realtime, is significantly reduced.
Whilst such a system can create many types of beautiful
synchronised effects, there is a vast space of effects it can-
not achieve.

Between these extremes lie systems in which dedicated
behaviours run on devices and are controlled over the net-
work. Along that continuum we may imagine programs
running on devices that behave like synthesisers (in the
musical instrument sense), responding to incoming mes-
sages that vary from a relatively high “continuous con-
trol” rate (e.g., every 10-100ms), or slower. As with music
synthesiser arpeggiators, such programs might include se-
quential behaviours that perform independent actions with-
out requiring fine-grained control signals. Our design uses
the concept of a “Renderer”, a software object that per-
forms rendering tasks (for LED lights, sound or other me-
dia) in response to incoming broadcast messages. A single
renderer controls a single LED or speaker, and using our
framework a correctly configured device will create one

renderer instance for each actuator it controls, and then for-
ward incoming control messages to its array of renderers.

From working with such systems, we believe the factors
of creative freedom, design simplicity, and realtime capa-
bility all favour software architectures that make the most
use of a fine-grained control stream, nearer to the passive
device extreme. The simple reason for this is that it most
closely approximates working with a traditional timeline-
based program, such as a digital audio, video or animation
workstation. From an interaction design perspective such
tools maximise the capacity for the direct manipulation of
events and materials, and reduce the cognitive load and pre-
mature commitment of having to configure and maintain a
mental model of a complex remote client program [27].
Assuming this to be the case, we can state our challenge
as seeking specific designs, and more general design prin-
ciples, for deciding how to assemble on-device programs
and their relation to a central controller program sending
commands over a network, that fall within the bandwidth
constraints of the physical architecture, and are creatively
productive.

One immediate consideration here is the practical dif-
ference between broadcast and unicast messaging in com-
puter networking. Unicast messages target a single recipi-
ent whereas broadcast messages are received by all nodes
on a given local network. Thus typically, though not al-
ways, designs that broadcast global states, rather than send
specific device states to individual devices via unicast, will
have lower bandwidth demands. A downside of broadcast
is that each individual device may have to filter out lots of
unnecessary data. Another problem with broadcast is that
it has quite a complex underlying implementation that can
vary across network configurations with unexpected per-
formance, as we have found frequently. Indeed counter-
intuitively we have found cases where it is more efficient
to send a series of unicast messages, one per device, than
a single broadcast message. Factors affecting this include
that broadcast operates at the lowest acceptable transmis-

4 J. Audio Eng. Sco., Vol. 1, No. 1, 2021 October



PAPERS Wireless Distributed Sound

sion rate supported by the network, and that at the lowest
level, WiFi still requires message receipts (even when us-
ing a receipt-less protocol like UDP), requiring as many
simultaneous message receipts as there are devices.

Many types of content are compatible with the idea of
broadcasting global data rather that sending specific data to
each device, reducing network usage more or less signifi-
cantly depending on the application. A good design prin-
ciple in this instance is to start by asking what the global
data demands are for a specific type of content. For exam-
ple, in our composition The Mind at Work we created com-
plex phase patterns between devices using a global “phase
offset” variable.

3 THE BROADCAST FIRST ‘RECIPE’ FOR
CREATIVE CODING MULTIPLICITIES

Stemming from these considerations, we propose the
“broadcast first” recipe for creative coding multiple remote
devices. The rationale for the recipe is that for any mul-
tiplicities system basic decisions have to be made about
what programs are written on devices and what programs
run on a central controller computer, taking into account
bandwidth, programming ease and programming flexibil-
ity. By programming ease we mean: firstly how conceptu-
ally clean the breakdown is between these pieces of code;
is there a clearly followable design concept that dictates
how these elements should be divided up, that a creative
practitioner can easily hold in their mind (as with MIDI
and analogue synthesisers); and secondly, how practical it
is to create such programs, or even better, to remix ready-
made software components where possible. For example,
writing a complex model that runs on a device and keep-
ing that model in lock-step synchronisation with other de-
vices may turn out to be difficult and error prone (discussed
below in relation to a ‘boids’ model). Programming flexi-
bility extends the issue of programming ease by consider-
ing how such elements can be reconfigured, tweaked, de-
bugged, hacked or remixed for other applications, in a cre-
ative workflow.

We claim that in the majority of situations, we can max-
imise programming ease and programming flexibility by
taking the broadcast first approach, which works with the
simplifying assumption that the best solution is the one
that: (1) places everything that can be decided on a cen-
tral computer; in so far as (2) only broadcastable (i.e.,
global) messaging is sent. This corresponds to item 3 in
our spectrum of software architectures above. We situate
simple renderers (synthesisers) and basic spatially-aware
asynchronously activated behaviours on devices, and man-
age most of the scheduling and high-level management on
a controller computer. This assumes that a broadcast ap-
proach is applicable to the artistic approach intended, and
precludes artistic works that rely intrinsically on device au-
tonomy.

The broadcast first recipe is as follows:

1. select an audio rendering paradigm (e.g., FM synthe-
sis, granular synthesis) and consider the suitability

of its processor demands and control parameters for
running on the remote devices.

2. identify everything that can be represented as global
data and what mappings are needed to get from
global values to specific renderer parameters.

3. check that there is the bandwidth to send all of this
global data.

4. if not either (a) reduce what is included in the global
data list or (b) simplify the creative concept or (c)
abort the ‘broadcast first’ recipe.

5. implement the device-side behaviours.

The purpose of such a recipe is to offer a clear path
through the solution space. We propose that creative prac-
titioners treat the broadcast-first recipe as their go-to solu-
tion to be abandoned only if ineffective.

Having decided to adopt this recipe we can also identify
ways that it can be easily formalised in higher level end-
user tools. Specifically, a formal framework supporting the
broadcast-first recipe would help define exactly what the
bandwidth and CPU demands were of any specific imple-
mentation. This would support a more fully-fledged simu-
lation toolkit that would allow a developer to test in simu-
lation the performance of specific content designs before
fully implementing them. Conceptually, this can be pre-
sented in terms of a bandwidth and CPU budget that the
user can allocate more creatively, much as they contend
with track CPU demands, polyphony and MIDI channel
constraints in existing music tools.

4 WIFI AND CPU PERFORMANCE IN A
PRACTICAL EXAMPLE

Whilst programming ease and programming flexibility
is harder to define and to measure, we can more precisely
measure how WiFi bandwidth and CPU constraints play
out in a practical example. The result of this is not usable
numbers, but an examples of how the recipe is effectively
applied.

The example considers how a ‘boids’ flocking model
[28] can be used to activate light and sound effects on our
massively distributed light-and-speaker artwork. Imagine
100 (or more) virtual birds (’boids’) flocking in murmu-
ration patterns above an audience’s heads. Imagine further
that the system must run in realtime (i.e., not pre-recorded)
so that the boids can be programmed to flock around peo-
ple being tracked in the space. These are rendered on a dis-
tributed network of lights and speakers hanging from the
ceiling. Whether there are 100, 1,000 or 10,000 lights and
speakers, the concept remains the same: the boids are vir-
tual objects moving through the physical space, and ‘ac-
tivate’ a light or speaker whenever they pass near. This is
one example of content one may wish to run on such a sys-
tem and has properties that are specific to this content type,
being a complex multi-agent model. Other types of content
would have different properties, though we will find that
many content types pose similar constraints.

The number of boids, the number of lights and speak-
ers, and the expected framerate and latency of the system
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are all variables that impact how one might implement this
content on the given hardware. Our goal is to come up with
designs that will scale well to high numbers of lights and
speakers and run at a reasonable frame rate and latency.
Frame rate expectations are well-defined by human per-
ceptual constraints: below about 30FPS will look stuttery.
Above 60FPS is ideal. Over 100FPS is unnecessary. La-
tency expectations vary depending on the application. For
digital musical instruments such as MIDI synthesisers, la-
tency needs to be less than 10ms, and ideally below 1ms
to avoid any performer awareness of it. For the example
considered here, the boids movement in response to the au-
dience can be much slower, and a latency up to 1s may be
acceptable. We might expect that as the number of speakers
scales we would also want to increase the number of boids
to fill a larger space. A related question is what information
we actually intend to use from the boids model: individual
boid positions (x,y,z values), boid directions and speeds,
and other types of metadata such as the density of boids at
any given point may all be relevant to the visualisation and
sonification process. In addition an enhanced boids model
might include other state information pertaining to individ-
ual boids, such as a changing colour or shape.

We can now consider some of the basic constraints of
our hardware arrangement.

4.1 CPU usage in a distributed approach
Each Raspberry Pi controls two distinct speakers and

hence two distinct instances of the audio renderer. We
have designed a simple monophonic synthesiser that can
switch modes between sample playback, granular sample
playback (multiple overlapping sound grains) and FM syn-
thesis. Sample playback can be varispeed and looped or
re-triggered according to a network-synchronised global
clock. A further LFO can be assigned to a filter, ring mod-
ulator or amplitude modulator. A similar setup exists for
LED rendering (with 4 or 8 LEDs per controller device) but
has significantly lower CPU overhead since audio requires
thousands of sample calculations per second, versus tens of
calculations for LEDs. There are also additional fixed costs
in our system relating to other runtime functions. Once this
‘fixed cost’ CPU cost is accounted for, the remaining CPU
budget can be used for any behavioural actions that are run
in response to incoming commands, or are driven from the
internal clock according to the programmer’s instructions,
including running a model such as the boids model, per-
forming spatial calculations and so on.

For comparison to the broadcast first approach, we ex-
perimented with running a boids model on a Raspberry
Pi on top of the default fixed CPU cost renderer code de-
scribed above (as if running the model in parallel on multi-
ple devices). With our system we could run a boids model
up to around 40 boids before the model update calculations
start to interrupt the audio thread causing glitches. We em-
phasise again that one can create far more optimised sys-
tems with the same behaviour and better CPU/GPU perfor-
mance. These numbers do not describe the full capability
of the Pi, but our experience in a specific creative project

0

10

20

30

40

50

60

70

80

90

100

0

500

1000

1500

2000

25 50 75 100

Number.of.Boids

C
P

U
 (

%
)

In
te

rva
l E

x
c
e

e
d

e
d

 (#
)

Parameter

CPU Usage (%)

Baseline CPU Usage (%)

Glitching

Interval Exceeded
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when no boids model is running. Interval exceeded refers to the
clock update calculation taking longer than the clock interval,
counted automatically. Glitching refers to audible interruptions
to the audio, counted manually.

where coding ease and flexibility are amongst the highest
ranking criteria, with a system that has proven effective-
ness in this area.

4.2 WiFi usage in the broadcast first approach
The boids example is interesting because it is a com-

plex multi-agent system and it cannot be easily parallelised
across devices: the devices act as a substrate to render
the model and all devices must have all information per-
taining to the model. You can parallelise a spatial model
such as boids by dividing space into regions, but this is far
more complex than just writing a boids model (which can
be done very easily) and suffers from a wide variation in
effectiveness, with potential worst-case scenarios that are
undesirable. In other words, attempting to parallelise the
model is a poor solution in terms of ease and flexibility
of programming, as well as predictability. There are there-
fore two immediate solutions: (1) centralise the computa-
tion and then broadcast the entire model in realtime; (2)
run the exact same model on every device and take steps
to ensure that these models remain in lockstep. For option
2 to be robust it must be possible for any device that has
fallen behind to receive a full state update over the network
quickly enough to be able to catch up. This means that al-
though the average and best-case bandwidth usage of op-
tion 2 is significantly lower than option 1, the bandwidth
constraints are actually similar: it must be possible to send
the entire model’s state over the network at each time step
of the model.

We experimented with the success of sending data from
boids models of different sizes over a WiFi network in a
practical realworld context (using the real hardware setup
of our installation). Again, these results do not describe
the optimal design but a design that has arisen naturally
from the development of a creative work. For example,
sending the data via OSC/UDP as a command and float-
ing point argument list at each time step is not the most
bandwidth efficient method, but it is incredibly convenient
to write, reduces the complexity of code, easing refactor-
ing, and highly interoperable across different creative cod-
ing platforms. We found that we could send a model of
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Fig. 5. Network and CPU demands sending boids model state
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there being significantly more bandwidth available. Counterin-
tuitively, therefore, sending multiple unicast messages outper-
formed broadcast. A significant CPU load, comparable to actually
running the model itself, is also noted for the work of receiving
and interpreting the incoming message.

100 boids without hitting the constraints of our router (an
affordable domestic gaming router1). Due to this router’s
broadcast settings actual broadcast performance was worse
than quickfire unicast performance, being throttled at just
over 100KB/s, which is incredibly slow compared to the
system’s physical network capacity. It is also worth not-
ing that the CPU demands of processing the incoming data
was also taxing on devices, in fact comparable to running
the model itself.

Thus there are significant factors that make the broad-
cast first recipe suboptimal. However, these are in part due
to the network hardware. Regardless, even though it was
advantageous to replace convenient broadcast messaging
with counterintuitive and more cumbersome batch unicast
messaging, we consider this still to conform to the broad-
cast first recipe as a conceptual approach to build work. As
we will discuss below, our use of a boids model was by far
the most data rich of the content types we used.

5 Applying the Broadcast First Recipe

Applying the broadcast first recipe, we begin with the
assertion that the boids model should run on a central com-
puter and not be distributed or run separately in parallel
on the network devices: based on the reasonable assump-
tion that it is impractical and overly complicated to do ei-

1ASUS RT-AC86U Dual-Band AC2900 MU-MIMO Nitro-
QAM Gigabit WiFi Gaming Router

ther, at least pre-emptively. This determines that we must
broadcast the relevant model state information, and make
decisions about what data is needed. Decisions about how
data will be sonified and visualised are creative decisions
which are informed by the technical constraints and pos-
sibly iterated over time. We have good evidence from our
own experiences, discussions with fellow artists, and the
academic literature (e.g., [29, 30, 31]) that it is common
for artist visions to be quite flexible in light of emerging
practical constraints, and even often to creatively leverage
the constraints of the media as presented to the artist in
any given configuration (pers. comm. Liam Birtles, Squid-
soup).

Following the broadcast first recipe leads to a quick and
low-complexity first draft implementation which helps de-
fine a set of known constraints. If we are not happy with
performance we may then choose between optimisation or
altering the creative goals. Thus we posit that this recipe
gets us towards a functional working juncture in the most
efficient way possible, maximising creative freedom.

For many other types of content we can see that this is
also a workable solution, if not optimal. Even if not opti-
mal, we claim that the broadcast first approach is the best
all-rounder starting solution. Implementing this as a de-
sign framework means that we can support great savings
in terms of ease and flexibility of programming by adding
further support tooling built around this strategy, discussed
further below.

5.1 Where does the broadcast first recipe break?
As we increase the number of boids in a model, then

at some point we will hit our network’s capacity. As we
have discussed, although there may be designs that may be
more robust and potentially optimisable than the broadcast
first approach they would almost certainly be more com-
plex to program, debug and maintain. Restating the great
importance of flexibility for artistic practitioners employ-
ing a creative coding approach, we consider the broadcast
recipe a sensible general strategy and if the artist is able to
understand and work with the bandwidth constraints of the
system then this approach will best support creative flexi-
bility and freedom by maintaining the conceptual simplic-
ity of the system.

Many other content scenarios present similar profiles in
terms of CPU and network bandwidth. In The Mind At
Work another content type used was a starburst of light and
sound that could be directly controlled from a controller
computer. This type of content was event-based, like MIDI
note events: a specific burst event could be initiated, up-
dated and destroyed, allowing a polyphonic approach to
making starbursts. In this case the broadcast data contained
a position, size, colour and soundfile ID for each starburst;
a very compact message, enabling complex, realtime con-
trolled movement of light and sound across the space. In
this case, some lightweight code is placed on each device to
interpret the incoming broadcast messages. Distinct from
low-level render code, this code deals with spatial calcula-
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tions and handling the synchronisation of sounds, forward-
ing commands to the lower-level rendering system.

Such event types are compact geometric representa-
tions, much like vector graphics data. By contrast to vector
graphics, bitmap data is not compact and presents the high-
est demand on such a framework; the easiest way to tax the
broadcast first approach is to broadcast rich uncompressed
video data. Even then, the bandwidth capacity of a regular
WiFi network can easily handle 4K video and beyond and
still satisfies the broadcast-first approach.

Unlike broadcasting an image to be rendered, streaming
audio to individual speakers would not qualify as a broad-
cast first approach since that requires unicast addressing
of speakers. This is likely to blow out the bandwidth bud-
get quickly as we scale. However, we may broadcast au-
dio source data combined with spatial position data for that
source, as is common in 3D audio systems. Again, we can
calculate the number of audio channels that our WiFi band-
width would permit for a given audio file quality and work
creatively within that constraint.

In all cases there is nothing we can do to overcome the
hard latency constraints of WiFi beyond standard latency
tuning in our device software and choosing the lowest la-
tency hardware, but existing latencies have become quite
acceptable for a number of realtime performance contexts.

6 Opportunities to further ease programming
load and flexibility

We have claimed that a broadcast first recipe is a strong
heuristic approach to effective creative coding, recom-
mended as a basic strategy to be adopted by creative coders
working with massively multi-device systems. Addition-
ally, having established this recipe, a number of supporting
framework features can be conceptualised that further ease
working in this way. These are briefly discussed here:

6.1 Simplified coding
In HappyBrackets we have started to develop a re-

duced API based on this approach with some simplify-
ing features. One is to use code annotations in our on-
device sketch code that automatically maps variables and
functions to incoming OSC commands. For example, if
we add the function lightBlob(float x, float
y, float z, float radius) to a HappyBrackets
sketch then the sketch will automatically respond to the
associated OSC command. Likewise, declaring a primi-
tive field, positionX with the associated annotation en-
ables that field to be set directly over OSC. Combined with
API support for doing spatial calculations, and a handful of
readymade renderer behaviours for audio and light synthe-
sis, we have started to significantly reduce the coding work
and conceptual overhead in hacking dynamic behaviours.
We refer to these code blocks as ‘spatial behaviours’:
they sit between the master controller responsible for the
global control and scheduling, and the low-level renderer
behaviour. Additionally, this reduces most sketches to a
simple list of fields and asynchronously-called functions,

which makes programs less complex and interconnected
and subsequently supports ‘lazy’ copy-and-paste coding:
we can provide a reference library of useful functions to
copy and paste from. This remains work in progress.

6.2 Simulating and swapping hardware
This clear architectural breakdown between controller

computer (broadcasting control data), spatial behaviours
and low-level renderers offers clearer ways in which com-
mon protocols can be established that define interoper-
ability between different hardware and software elements.
Our on-device behaviours, coded in Java and running
on our HappyBrackets runtime, include both the spatial
behaviours and the low-level renderers, but these could
be easily separated, and indeed our electronics partners
Bitscope are working on a PCB design that offers pro-
grammable sub-processors accessed over serial. We have
also built a simulator in Unity which interoperates directly
with our coding environment (a plugin to the IntelliJ Java
IDE). A CSV file describing a physical installation config-
uration can be loaded into the simulator, or directly onto
the devices.

6.3 Automating behaviour predictability and
architecture design decisions

Clearly defining the operational bounds of network code
means that we can more easily profile the network de-
mands of a given program in a test-driven way. For exam-
ple, having defined the lightBlob() function above, a
test function could be run to tell us the network and CPU
budget of the function under a range of circumstances. An
entire on-device sketch could be automatically queried in
this way to profile the network behaviour. In this way a cre-
ative coder could directly visualise the expected network
and CPU demands of any code they write as they go. This
gives the coder rapid feedback on whether their design is
going to hit a wall as they are developing it, and is thus
very well suited to a creative coding workflow where rapid
feedback is invaluable in guiding creative directions.

6.4 Supporting parametric design
Lastly, we can also query the annotated code present in

any on-device sketch and use that to broadcast an OSC
API that could be used by any other program to build
a control GUI or other system for managing control of
values. Following the same example, we could adver-
tise the lightBlob(float x, float y, float
z, float radius) function, and a compatible pro-
gram could build a GUI on the fly containing the relevant
variables. This is also something we are yet to implement,
but in our most recent work we have found that even man-
ually constructing GUIs in MaxForLive that can then be
controlled directly, via MIDI controller hardware, or from
the Ableton Live timeline offers a huge amount of creative
flexibility. Ableton Live is just our preferred choice and any
number of other live or timeline-based workstation pro-
grams can fill the same role, using the common language
of OSC. A final potential here is that such an API can be
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channelled into a parametric design process, where a user
could parametrically explore the space of behaviours that
the system offers.

7 CONCLUSION

In this paper we have presented our experiences develop-
ing creative multiplicitous media installations considering
a wide range of constraints combining creative constraints
such as programming ease and flexibility, and the hardware
constraints of the technology involved. We have presented
a basic physical architecture that we have found to be cost
effective and scalable, and have considered how the de-
mands of creative programming flexibility point to a pre-
ferred creative design strategy given this architecture. We
have shown how this approach plays out in terms of CPU
and bandwidth constraints and what options are available
to improve performance if these constraints prove a prob-
lem. We have also speculated on how following this ap-
proach as a paradigm allows for additional support struc-
tures that will further ease the creation of media multiplic-
ities works.
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